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Abstract:   
Metal nanoparticles are excellent light absorbers.  The absorption processes create highly excited 
electron-hole pairs and recently there has been interest in harnessing these hot charge carriers for 
photocatalysis and solar energy conversion applications.  The goal of this Perspectives article is to 
describe the dynamics and energy distribution of the charge carriers produced by photon 
absorption, and the implications for the photocatalysis mechanism. We will also discuss how 
spectroscopy can be used to provide insight into the coupling between plasmons and molecular 
resonances.  In particular, the analysis shows that the choice of material and shape of the 
nanocrystal can play a crucial role in hot electron generation and coupling between plasmons and 
molecular transitions. The detection and even calculation of many-body hot-electron processes in 
the plasmonic systems with continuous spectra of electrons and short lifetimes are challenging, 
but at the same time very interesting from the point of view of both potential applications and  
fundamental physics. We propose that developing an understanding of these processes will provide 
a pathway for improving the efficiency of plasmon-induced photocatalysis. 
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The ability of metal nanoparticles (NPs) to focus light to small volumes has led to their use 
in a variety of applications, including as substrates for surface enhanced spectroscopies,1-8 and as 
light concentrators for solar energy cells.9-11  These effects arise from the plasmon resonances of 
the particles, which are coherent oscillations of the conduction electrons.12-15  These resonances 
are termed localized surface plasmon resonances (LSPRs) in the current literature to distinguish 
them from the propagating surface plasmon polaritons (SPPs) of metal surfaces, wires and 
plates.16-18  There has been a tremendous amount of work in designing metal nanostructures to 
control the LSPR frequency, so that it is now possible to engineer nanostructures that can enhance 
electromagnetic fields at frequencies from the mid-infrared to the ultraviolet.19-25   
The light concentrating effects of metal nanostructures are a consequence of the enhanced 
electromagnetic fields that are generated from the LSPR.12-15  These external fields are amplified 
when two or more particles are brought into close proximity, and this amplification is at the heart 
of surface enhanced Raman spectroscopy (SERS).1-8  The external fields are also responsible for 
the strong light scattering effects associated with LSPRs.2, 13, 26-29  The interaction of metal 
nanoparticles with light also creates internal fields, which cause absorption.13-15  Absorption is 
usually considered to be detrimental to surface enhanced spectroscopy and light concentration 
applications of nanoparticles, as it leads to heating.30  However, there are some applications that 
rely on absorption.  One well-known example is the use of metal nanoparticles as localized heat 
sources for photothermal therapy.31-34  Another application, which is the focus of this Perspectives 
article, is harnessing the hot electrons created by light absorption for photocatalysis or solar energy 
conversion.35-40  
Plasmon enhanced photocatalysis. Several different types of plasmon enhanced 
photocatalysis/energy conversion systems have been investigated.  An early example was gold 
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nanoparticles coupled to TiO2 for water splitting.41-44  Since then plasmonic nanoparticles have 
been used to increase the efficiencies of oxidation reactions,45-49 dissociate small molecules,50-53 
and to generate photocurrents in photovoltaic devices.54-55  All of these processes involve charge 
transfer from the metal to nearby semiconductor or molecular states.  In general there are two 
mechanisms that are used to explain electron or hole transfer from excited metal nanoparticles to 
acceptor states in molecules or semiconductors: (i) a sequential excitation/charge transfer 
process,36-38, 41-43, 50-55 or (ii) direct excitation of an interfacial charge transfer transition.35, 39, 44-48  
The quantum yields for charge separation depend on a variety of factors, and a major goal of this 
article is to review what is known about the relaxation processes in metal nanoparticles and how 
they affect photocatalysis.  In the following we discuss the two mechanisms separately, starting 
with the sequential mechanism.   
In the sequential processes a photon excites the LSPR of the nanoparticle, which 
subsequently decays to yield an excited electron-hole pair.14-15, 27, 56-62  The electron-hole pairs are 
distributed over a range of energies, some of which are high enough to allow electrons to tunnel 
into vacant states of nearby molecules or semiconductors.36-38, 57-61  The key factors in determining 
the quantum yield in this case are the timescale for dephasing of the LSPR, the energy distribution 
of the excited electron-hole pairs, and the rate of energy relaxation for the electrons/holes 
compared to the rate of charge transfer across the interface.   
Dynamics of plasmons and hot electrons in plasmonic systems. The dephasing of the 
LSPR is extremely fast, to the extent that it cannot be accurately measured using conventional 
ultrafast measurements.56  A particularly useful approach for studying LSPR dephasing is to 
measure the linewidths of single metal nanoparticles.26-27, 63-68   These measurements where first 
done by Rayleigh light scattering experiments,26-27, 63-64 but recently elegant single particle 
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absorption measurements have also been applied to this problem.65-68  The LSPR linewidth has 
contributions from several different processes: direct decay of the LSPR into excited electron-hole 
pairs Γ௕ (known as Landau damping), radiation damping Γ௥௔ௗ (energy loss by scattering a photon), 
and damping due to electron-surface collisions Γ௦௨௥௙.27, 56, 64, 67, 69  The surface term is the one that 
is responsible for the generation of hot electrons, and will be discussed in detail below.70  Note 
that  Gb  contains contributions from inter-band as well as intra-band (“Drude model”) transitions, 
i.e.  Gb = GDrude + G inter-band .
14 bG  is usually assumed to be the same as the decay rate for electrons 
in the bulk metal,56 although recent calculations have shown significant variations in Γ௕ for small 
particles with respect to the bulk value, when the electronic spectrum becomes discrete.71  For not 
too large particles, Γ௥௔ௗ and Γ௦௨௥௙ are proportional to the volume V and the inverse of the effective 
path length for electrons in the particle 1 𝑙௘௙௙⁄ , respectively.13, 56, 72-73 Thus, the total linewidth can 
be written as:  
 Γ = Γ௕ + Γ௥௔ௗ + Γ௦௨௥௙ = Γ௕ + 2ℏ𝜅𝑉 + 𝐴
௩ಷ
௟೐೑೑
  (1) 
where 𝑣ி  is the Fermi velocity, and 𝜅  and A are constants that characterize the efficiency of 
radiation damping and electron-surface scattering, respectively.56, 67  For spheres 𝑙௘௙௙ is simply 
proportional to the diameter.  It is important to note that both the quantum and classical mechanics 
treatments for electron-surface interactions give the same size scaling.67, 72-74   
Figure 1(a) shows example spectra of single gold nanorods recorded by Rayleigh 
scattering measurements.63  The two panels show spectra from samples with different average 
widths (8 and 14 nm), and the three spectra in each panel are three different particles. The lengths 
of the nanorods were adjusted so that the two samples had the same aspect ratio.63-64  The spectra 
are broader for the narrower rods, which is due to increased electron-surface scattering.  Analysis 
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of this data yields estimates for 𝜅 and A.63  The nanorods in these experiments were coated in 
surfactant, which means at Γ௦௨௥௙ has contributions from the adsorbed molecules as well as the 
metal surface (see below). 
 
 
Figure 1. (a) Rayleigh scattering spectra for single gold nanorods, reproduced with permission 
from Ref. [63].  The average width of the rods is given in the figure, and each panel shows spectra 
from three different nanorods. (b) Relative contribution of radiation damping to the plasmon 
damping Γ௥௔ௗ Γ⁄ , as calculated through 𝜎௔௕௦ 𝜎௘௫⁄ . (c) and (d) Images of the normalized electric 
fields for 5 nm and 25 nm radius spherical Ag particles in water. The calculations in (c,d) were 
performed at the peak of the plasmon resonance for the spherical Ag particles and the images have 
been scaled so that the particles appear to be the same size.  The double-headed arrows show the 
polarization of the light field. 
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Measurements for different sized particles show that the LSPR lifetime is ≤10 fs, and that 
radiation damping dominates over the non-radiative processes for nanoparticles with diameters 
larger than 20 nm.56, 67 This is shown in Figure 1(b), where a plot of Γ௥௔ௗ Γ⁄  is presented in for Ag 
and Au nanospheres in water.  In this figure Γ௥௔ௗ Γ⁄  was calculated through σ௦௖௔௧ σ௘௫⁄  where the 
extinction cross-section σ௘௫  is the sum of the absorption and scattering cross-sections 
(σ௘௫ = σ௔௕௦ + σ௦௖௔௧), and the cross-sections are evaluated at the peak of the plasmon resonance.  
The correlation between cross-sections and linewidths is possible because both quantities are 
proportional to the dissipated energy, see Ref. [18].  The cross-sections were calculated through 
Mie theory, using the dielectric constant data from Ref. [75].  As size increases more incoming 
photons are scattered and radiation damping becomes more important.  Note that Γ௥௔ௗ makes a 
stronger relative contribution to the damping for Ag compared to Au.  This is due to the interband 
transitions of Au, which increase absorption in the region of the plasmon resonance.  
Figure 1(c) and (d) shows images of the normalized electric fields for 5 nm and 25 nm 
silver particles in water, again at the peak of the plasmon resonance.  The calculations include 
contributions from electron-surface scattering,63-64 with an electron-surface scattering parameter 
of A = 0.7 (which is appropriate for Ag67).  The most noticeable feature is that the fields are strongly 
enhanced just outside the nanoparticle surface.  This effect is what gives rise to the field 
enhancements in SERS.  However, the field inside the particle is also enhanced, and it is this field 
that causes photon absorption, see below.  Note that the field enhancements are similar for the two 
different sizes.  This is due to compensating effects from radiation damping and electron-surface 
scattering.  For the large particles electron-surface scattering is not important, but the LSPR is 
broadened by radiation damping which reduces the field enhancement.  For the small particles the 
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reverse is true - radiation damping is not important but the particles suffer electron-surface 
scattering. 
The fast decay time for the LSPR means that, for all intents and purposes, the hot electron-
hole pairs are created instantaneously after photoexcitation.  The electron-hole pairs produced by 
decay of the LSPR will be distributed over a range of energies in the metal’s electronic bands.57-
61, 76  For bulk metal surfaces this distribution has been measured through ultrafast photoelectron 
spectroscopy experiments.77-81  The results from the measurements show that the electrons initially 
have a non-thermal distribution that rapidly relaxes to a thermal (Fermi-Dirac) distribution via 
electron-electron scattering processes.77-81  Photoelectron spectroscopy measurements are more 
challenging for nanoparticles.  Regular (all optical) ultrafast transient absorption experiments on 
Ag nanoparticles have been used to measure the timescale for electron-electron scattering for metal 
nanoparticles with different sizes.76, 82-83  However, these experiments do not provide direct 
information about the energy distribution of the hot electron-hole pairs. 
Fortunately, insight into the energy distribution of the excited charge carriers can be 
obtained through theory.40, 57-62, 70, 84-90 In the steady state (CW) excitation regime there are two 
typical physical situations. The first case is a steady-state hot electron distribution in isolated NPs. 
Another physical situation is current injection from a plasmonic nanostructure to an electric 
contact.88-90  Figure 2 shows the calculated distributions of excited carriers in optically-excited 
nanospheres of various radii.70  These distributions were computed in a model that includes two 
electron relaxation times, one for the momentum and another for the energy (see also Fig. S1 in 
supporting Information).61, 70  The approach of two relaxation times allows us to describe the two 
key observations of the plasmonic dynamics.61, 70 (1) Plasmons exhibit fast dephasing due to the 
short momentum relaxation time that can be extracted from the plasmonic-peak broadening in the 
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absorption spectra.  Within the Drude model, this time is given by the parameter  (Eq. 
S5). For gold and silver plasmons, the dephasing times are obviously short, 8 and 33 fs, 
respectively (Table S1). (2) The cooling of hot electrons due to photon emission is typically much 
slower and  occurs in the sub-ps range. Such relaxation time can be taken from time-resolved 
experiments.56  Figure 2 shows the non-equilibrium distribution of electrons ( n ) as a function 
of electron energy in the CW illumination regime. Above the Fermi level (   FE , with 
5.5=FE eV  in gold) the non-equilibrium population is positive, and below the Fermi level it is 
negative. Thus, the excited carriers above the Fermi level should be regarded as plasmonic 
electrons, and empty states below the Fermi level should be considered as holes.  
 
Figure 2. (a) Calculated distribution of excited electrons and holes in the Fermi sea of a 
nanoparticle in the CW illumination regime. (b) Close look at the plateau region with the hot 
electrons generated by quantum surface-assisted transitions. Upper insets: Plasmonic nanosphere 
and the Fermi sea with excited electrons and holes. Excited electron-hole pairs in the bulk have 
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small energies, whereas the carriers generated near the surfaces are more energetic. This figure 
was adopted from Ref. [70]. 
 
The striking feature of the distributions in Figure 2 is the presence of two types of excited 
carriers. Excited carriers with low excitation energies, near the Fermi level (Drude electrons and 
holes), form the coherent electron currents, which are described by the classical Drude model. 
These electrons are responsible for the plasmon oscillation. The high-energy (hot) electrons and 
holes, which can be used for photocatalysis, occupy the flat plateau regions of the distributions in 
Figure 2. These energetic electrons are created via the quantum optical transitions near the 
surfaces, and represent the quantum effect of surface scattering. These transitions allow the 
occupation of high excitation energy states, and become possible due to breaking of linear 
momentum conservation.  The different decay processes are shown schematically in Figure 3(a). 
The breaking of linear momentum conservation in a NP is a key mechanism that can also 
be interpreted in terms of the discretization (or quantitation) of the electronic states in the confined 
volume of a NP. This quantization involves, of course, the surfaces of the structure. In a large NP, 
the quantization and the surface scattering effects become equivalent, as it was shown theoretically 
in Refs. [57, 59, 61, 70].  Another name for the decay of a plasmon through surface scattering, 
which is used sometimes in the literature, is Landau damping.71  Although the term “Landau 
damping” is better suited for the case of a plasmonic 3D running wave, as discussed for classical 
and quantum plasmas.91-92 
Figure 3(b) shows the rates of generation of the Drude (low energy) and high-energy 
electrons.70  The Drude electrons represent the majority of carriers in nanocrystals with relatively 
large sizes (> 4 nm) and only small nanocrystals have comparable numbers of hot electrons. The 
 10
reason is that the generation of hot electrons is a surface phenomenon, whereas the Drude electrons 
represent a bulk effect. However, the energy efficiency of hot-electron production  Effhot-electrons
remains relatively large even at sizes of 20 – 30 nm (Figure 3c). The energy efficiency, or the 
quantum yield for producing hot electrons from the plasmon, reports on the importance of surface 
scattering: 
 
tot
,hot electronshot electrons plasmon
QEff QP
Q
-
- = =     (2) 
where hot electronsQ - and totQ are the absorption of light due to the generation of hot electrons and the 
total absorption of a NP (for details see Supporting Information). We note that the efficiency 
parameter (Eq. 2) also describes the material efficiency of hot-electron production, 
/chem hot electrons metalEff Q N-= , where metalN is the total number of metal atoms in a solution. This 
parameter is important for practical photocatalytic applications and it decays with increasing NP 
size,   Effchem µ1/ aNP(see also discussion below).  
We should note that the rates for low and high excitation energies are very sensitive to the 
choice of parameters.57, 70, 84 In particular, the ratio of the rates 
,61 where  is the Drude relaxation parameter (see 
Supporting Information), which describes the rate of relaxation of the electron momentum. This 
Drude parameter also contributes to the bulk broadening  that appeared in Eq. 1. Figure 3b 
clearly demonstrates the importance of the choice of material system. Silver NPs with a small 
Drude relaxation rate and sharper plasmonic peak are preferable over gold NPs since the Drude 
broadening in gold is about four times larger, 
 
GDrude,Au / GDrude,Ag ~ 4  (see Supporting Information). 
Therefore, silver permits stronger quantum effects and larger hot-electron generation rates.   
, /low energy Drude high energy DrudeRate Rate- - µG DrudeG
bG
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Figure 3: (a) Energy diagram for decay of a plasmon in a nanocrystal which includes both classical 
(Drude-like friction) and quantum (hot electrons) mechanisms. (b) Rates of generation of Drude 
and hot electrons, calculated for Au and Ag nanospheres. (c) The upper panel shows the ratio 
between the rates of generation for high and low energy electrons. In the lower panel: The energy 
efficiency of hot-electron production. The data are partially taken from Ref. [70]. In this figure, 
the parameters of excitation are the following: ℏ𝜔 = 2.2 eV (gold),  (silver) and 
 I0 = 3.6 ×10
3 W / cm2 .   
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Figure 3(a) shows an energy level diagram for the different decay processes.  Note that the 
surface scattering term is responsible for the creation of hot electrons.  A quantum equation for the 
rate of generation of hot electrons through surface scattering for NPs of an arbitrary shape can be 
written as an integral over the surface (see Supporting Information for some details):93  
,  (3) 
where  is the electric field normal to the nanocrystal surface and the integral is taken over 
the whole surface.  The electric field excites hot electron-hole pairs near the boundaries of 
a NP and it should be taken inside the NP, see Figure 1. The parameter is the Fermi energy. An 
important quantum factor (ℏ𝜔)ଷ comes from the summation over all quantum optical transitions.  
For a small nanosphere, the rate of generated hot carriers becomes93 
  (4) 
where is the intensity of incident light, NPa  is the NP diameter, and matrix and are the 
dielectric constants of the matrix and metal, respectively.  Because the rates for generating high-
energy and low-energy electrons scale approximately as the surface area and volume, respectively, 
the number of high-energy electrons in a large nanocrystal is small in proportion to the number of 
low-energy electrons (see Figures 2 and 3(b)).  The ratio between their rates of generation can be 
approximated by:57, 59, 70  
 
Ratehigh-energy
Ratelow-energy ,Drude
= const .
lmfp
aNP
vF aNP
w
,  (5) 
normalE
normalE
FE
0I metal
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where is the electronic mean free path, and is the Fermi velocity of the metal.  To summarize 
the consequences coming from Eqs. (2), (3) and (5), we observe an important property of 
plasmonic NPs - a different size-dependence for the ratios of rates and energy absorptions:  
 
Ratehigh-energy
Ratelow-energy ,Drude
µ 1
aNP
2 ,
Effhot-electrons =
Qhot-electrons
Qtot
µ 1
aNP
.
   
Now we will make more observations. As one can see from Figures 3(b,c), the ratio 
 for a 2 nm gold NP, but it decreases rapidly for larger sizes. The 
decay rate of the plasmon for the hot-electron pathway and the rate of generation of hot electrons 
in a nanocrystal are, of course, related.  Specifically, the simple calculation in Ref. [93] and also 
simple physical arguments show that the quantum dissipation and the high-energy rate are 
proportional:  
. 
Therefore, the surface decay rate given by Eq. 1 can be also written as 
     (6) 
where  is the energy stored in the plasmon (this energy has both kinetic and potential 
components) and 𝑙௘௙௙ ≈ 𝑎ே௉, the effective size of the NP. Equation (6) shows that hot electron 
generation can be probed by investigating surface scattering. However, for the majority of NPs, 
the observation of surface-scattering induced broadening of the plasmon is not easy, since the NPs 
are typically of relatively large sizes. The rate can only be clearly identified from the plasmon 
peak broadenings for small NP sizes.94-95  At the same time, photochemistry and photocurrent 
mfpl Fv
,/ ~1high energy low energy DrudeRate Rate- -
plasmonE
surfG
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experiments, which are sensitive to the excitation of high-energy electrons near the NP surfaces, 
provide evidence that high-energy electrons have been created in large nanoparticles.35, 37, 39, 45, 96-
104  
Although the phenomenological picture of plasmon decay in Figure 3a is very convenient 
to analyze and describe photocatalytic, time-resolved and photo-current experiments, there is 
another kinetic representation that is often used, especially in time-resolved studies (see a review 
Ref. [67]). Figure 4  illustrates it. Electrons are excited from the continuum of occupied states via 
two types of transitions, low energy (frictional) and high energy (quantum) (Figure 4a). In a fs-
pulse experiment, an initial distribution of excited carriers contains some number of high-energy 
electrons that relax through e-e and e-phonon pathways. Current literature typically depicts short-
lived hot-electrons as two flat regions (Figure 4b), while the many-body theory61 should produce 
somewhat different transient distributions (Figure 4c). Since the frictional transitions are very 
active (strong Drude currents), the distribution of excited electrons during the fs-pulse should have 
a large number of low-energy electrons and some number of hot electrons, as shown in Figure 4c. 
The details and differences are still under discussion in the literature and should be debated further.   
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Figure 4:  Another representation of plasmonic excitation and time dynamics involving the density 
of states (DOS) (a) and transient hot-electron populations (b,c).  The qualitative picture (b) is 
commonly seen in current literature, while the picture (c) is based on the analysis of quantum 
kinetics involving the density-matrix formalism.61 In the picture (c), the distribution of hot 
electrons has low-energy Drude electrons already during the fs-excitation pulse.  
 
The above analysis shows that highly excited electrons, which are a prerequisite for 
photocatalysis by the sequential mechanism, are only produced in large proportions for small 
particle sizes.  Whether the hot electrons created by light absorption can participate in 
photocatalysis/energy conversion depends on their relaxation times compared to the rate of 
interfacial charge transfer.81  We first consider the relaxation timescales.  The initial non-thermal 
electron distribution created by dephasing of the LSPR relaxes by electron-electron scattering.  
The best estimates for the electron-electron scattering times in small metal nanoparticles are ca. 
200 fs.76, 82 Electron-electron scattering creates a thermal distribution of electrons at an elevated 
electronic temperature, which subsequently relaxes on a few ps timescale through electron-phonon 
coupling.56, 105  There are significantly less highly excited electrons in the thermal electron 
distribution compared to the initial non-thermal distribution.  Using the electronic heat capacity 
for bulk gold, we estimate that a single visible (530 nm) photon will induce a 1370 K increase in 
the electronic temperature for a 2 nm diameter particle.  Even though this is a large temperature 
increase, at this temperature only 4% of the excited electrons will have an energy > 0.5 eV above 
the Fermi level, the majority of the excited electrons will be in states around the Fermi level, as in 
Figure 2.  Thus, any hot electron processes must occur before electron thermalization.  
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The timescales for interfacial electron transfer at metal surfaces are less well established 
compared to the internal electron relaxation times.  For metal nanoparticles coupled to 
semiconductors, ultrafast measurements have implied very fast (< 100 fs) metal-to-semiconductor 
electron transfer times.42, 96, 106  Thus, electron transfer into acceptor states of the semiconductor 
are possible from both the initial non-thermal electron distribution and the thermal distribution 
created by electron-electron scattering.35-38, 41-44, 54-55, 96, 106  We would expect the major 
contribution to come from the non-thermal electron distribution, despite the shorter lifetime, 
because of the larger number of highly excited electrons. 
The situation is more complicated for electron transfer to molecular states.107  Molecule to 
semiconductor electron transfer reactions have been shown to occur on ultrafast (sub-ps) 
timescales,108 but in this case the fast rate arises from the high density of states of the acceptor (the 
solid).109-110  Indeed, the reverse semiconductor to molecule charge transfer reaction can be quite 
slow.111-114  Thus, it seems unlikely that the sequential mechanism could cause a significant amount 
of charge-transfer to molecular states.  The difficulty in reconciling the ultrafast relaxation times 
for the electrons in the metal nanoparticles with the slow (> 10-100 ps) interfacial electron transfer 
times to molecular states has led to the development of a fundamentally different explanation for 
plasmon enhanced molecular photocatalysis: excitation of an interfacial change transfer 
transition.39, 47-48, 96, 115  In this mechanism a charge transfer transition is directly excited, so that 
the internal relaxation of electrons within the metal nanoparticle is irrelevant.  The direct excitation 
mechanism has been used to explain plasmon induced oxidation reactions,39 as well as the high 
quantum yields observed for photo-induced electron transfer from Au nanoparticles to attached 
semiconductor quantum dots.96 
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In the direct mechanism, small molecule plasmon enhanced photocatalysis reactions 
proceed through a “dissociation induced by electronic transitions” (DIET) process.116-122  In DIET 
excitation of the charge transfer transition transiently populates a surface bound anion state of the 
molecule.  In general this state will be vibrationally excited, and will rapidly relax by vibrational 
cooling followed by electron transfer back to the metal.39  However, when the excitation rate 
exceeds the relaxation rate the bond can become activated, leading to dissociation.  This creates 
reactive species that subsequently participate in further chemical reactions.  DIET has been 
extensively studied for metal surfaces, where high light fluxes are typically needed for reaction.116-
120  For nanoparticles it is proposed that the high fields created in “hot spots” (junctions between 
two or several nanoparticles) enable the DIET process.115  Evidence for the DIET mechanism 
comes from the intensity and temperature dependence of the reaction rates.46  Surface enhanced 
Raman measurements have also been used to explore how DIET like processes can funnel energy 
into molecular vibrations.115, 123-124  
One of the fundamental differences between the direct and sequential mechanisms 
discussed above is that in the sequential mechanism plasmon dephasing occurs before electron 
transfer,36-38 whereas in the direct mechanism the presence of charge transfer transitions leads to 
plasmon dephasing.96  This means that, in principle, the direct mechanism should produce an extra 
contribution to the LSPR linewidth. The fact that adsorbed molecules can increase the LSPR 
linewidth through excitation of charge transfer type transitions was recognized in the 1970s.125-130  
This processes is known as “Chemical Interface Damping” (CID), and was studied through 
ensemble measurements before the development of single particle spectroscopy.125-129  In 
absorption measurements of single particles the large variations in the LSPR linewidth for 
surfactant-coated particles has been attributed to CID,131-133 which has led to the use of silica-
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coated particles for precise linewidth measurements.95, 134  Indeed, recent single particle scattering 
measurements have shown that carefully removing the surfactant layer around gold nanorods 
creates very narrow linewdiths.135   
The potential importance of CID in plasmon-induced photocatalysis has renewed interest 
in studying this effect from both experimentalists and theoreticians.  For example, theoreticians 
have begun to use electronic structure calculations to examine how molecules interact with the 
electrons in metal nanoparticles.136-137  In an elegant set of experiments, Link and co-workers used 
the change in linewidth for gold nanorods with and without a layer of graphene to estimate the 
timescale for electron transfer from gold to graphene.138  Foerster and co-workers also recently 
showed that the CID contribution to the LSPR linewidth scales with the particle’s dimensions in 
the same way as electron-surface scattering.139  This means that CID can be included in the 
expression for the LSPR linewidth (Equation (1)) by simply writing 𝐴 = 𝐴௦௨௥௙ + 𝐴஼ூ஽ , where 
𝐴௦௨௥௙  represents the effect of the nanoparticle surface and 𝐴஼ூ஽  is the effect from adsorbed 
molecules.139  This analysis predicts an increase in linewidth with surface adsorption (molecular 
species at the surface of the particle introduce additional decay channels for the plasmon that will 
increase damping).  However, CID experiments that involve ligand exchange could show a 
decrease in linewidth depending on the exact nature of the molecules being exchanged.  Clearly it 
will be interesting to characterize how 𝐴஼ூ஽ varies with different types of molecules, the degree of 
surface coverage and the LSPR frequency.   
The use of hot spots and special designs to produce hot electrons.  Plasmonic hot spots 
are small regions of space inside and around metal nanostructures where the electromagnetic fields 
become strongly amplified. Such spots appear in narrow gaps between nanocrystals or at tips and 
apexes of nanocrystals with complex shapes, like nanocubes or nanostars (Figure 5). It is now 
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well established that hot spots play an important role in SERS.2-3 Such small volumes with strong 
electromagnetic fields can also contribute to and even dominate hot electron photochemistry.46, 101  
The process of hot electron generation due to hot spots involves two components: (1) Enhancement 
of the magnitude of the electric field in the hot spot and (2) breaking of linear momentum of the 
electron in the hot spot due to a strongly non-uniform field. Theoretical calculations have shown 
that both mechanisms can contribute to the enhanced generation of energetic carriers (Figure 5).59, 
70, 93 In particular, it was found that the aforementioned classical mechanism (1) is not sufficient 
to understand the calculated quantum generation of hot electrons in nanocubes59 and plasmonic 
dimers.70  Another important manifestation of the hot spot generation of carriers was reported 
recently in a time-resolved experiment on a meta-structure with extended and strong hot spots.98 
Extended hot spots can be achieved, for example, in planar super-absorber meta-structures with a 
metallic reflecting layer.98  In contrast to the typical ps dynamics of an electron system in 
plasmonic nanocrystals,56, 76 the paper by Harutyunyan et al.98 reported anomalous relaxation 
kinetics in which an ultra-fast fs component dominated. This behavior was explained by the ultra-
fast electron-electron scattering of energetic carriers.  
 20
 
Figure 5: (a, b) Illustrations of photo-chemistry experiments, from Ref. [46]  Panel (a) shows a 
cartoon of hot electron generation in an aggregate of nanocubes with a hot spot.  (b) Calculation 
of hot electron generation enhanced by the hot spot in a gold NP dimer; the curves show the hot-
plasmon distributions and are shown for different NP-NP gaps,  D = ¥, aNP / 2, aNP / 4, aNP / 6 . 
One can see how the hot-electron plateaus strongly grow for small gaps. Insets: Model of a 
plasmonic dimer with a hot spot near the gap and the electromagnetic field map showing strong 
enhancement in the hot-spot region.   Adapted from Ref. [70]. (c) Model of a plasmonic nanostar 
with color showing its calculated surface fields, adapted from Ref. [93]. Now the hot-spot effect 
occur near the tips. The lower panel is an image of colloidal nanostars taken from the experimental 
study of Ref. [101].  
 
Hybrid exciton-plasmon systems. For the Au nanoparticle-semiconductor quantum dot 
experiments performed by Lian and co-workers, the LSPR of the gold particles is broadened 
beyond recognition.96  This suggests very strong coupling, and raises an interesting point about 
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our understanding of CID.  The view of CID as an additional broadening mechanism for the LSPR 
is essentially a perturbation theory/weak coupling description: the LSPR is modified by CID but 
maintains its identity.  However, it is also possible to create strongly coupled, hybrid plasmon-
exciton states.140-142  These states have been extensively studied for the propagating surface 
plasmon polaritons (SPPs) of metal surfaces.142-154  Dispersion curves (plots of the SPP frequency 
versus wavevector) of thin metal films coated with j-aggregates or semiconductor quantum dots 
can show avoided crossings,142-154 which provide a direct way of measuring the coupling between 
the SPPs and the localized exciton transitions associated with the j-aggregates or quantum dots.  
Strongly coupled plasmon-exciton states have also been identified for the LPSRs of particles, but 
here the spectral signatures of coupling are more subtle.155-169  Information about the coupling 
strength can be obtained from splittings in the extinction155-162 or scattering spectra of the LSPR, 
163-167 or in emission spectra from the adsorbed molecules. 168-169 
An example of an avoided crossing for CdSe quantum dots coupled to SPPs on a Ag surface 
is shown in Figure 6.  At the avoided crossing the two states are equal mixtures of the SPP and 
exciton wavefunctions:140, 170 
|𝜓ା⟩ = (|𝑆𝑃𝑃⟩ + |𝑒𝑥𝑐𝑖𝑡𝑜𝑛⟩) √2⁄    (7) 
|𝜓ି⟩ = (|𝑆𝑃𝑃⟩ − |𝑒𝑥𝑐𝑖𝑡𝑜𝑛⟩) √2⁄    
The properties of the mixed plasmon/exciton states are still under active investigation. For 
example, there have only been a handful of dynamics measurements, and at present it is not clear 
how the lifetimes of the coupled states are related to the initial SPP/exciton states.147, 150, 170-172  
Another interesting problem regarding the exciton-plasmon interaction is the exciton-plasmon 
coupling in the quantum regime of a single exciton, where the absorption line-shape can become 
Fano-like.173-175  This quantum regime was only recently observed and reported in Ref. [176].  
 22
 
Figure 6: Strong coupling between plasmons and excitons for CdSe quantum dots coupled to a 
thin Ag film. The angle is proportional to the wavevector for the SPP of the Ag film. (a) 
Experimental spectra versus angle, (b) peak wavelength extracted from the spectra versus angle 
data. Reproduced with permission from Ref. [170]. 
 
The coupling in the hybrid plasmon-exciton states is typically described using the same 
language as that for molecules in optical cavities, that is, as arising from the interaction between 
the transition dipole of the exciton and the electromagnetic field associated with the plasmon.140-
141  On the other hand, in the CID mechanism the coupling is between the wavefunctions for the 
LSPR and the molecular/semiconductor acceptor states.  Reconciling these different approaches, 
and developing a rigorous wavefunction level theory for the coupling between plasmons and 
excitons that spans strong and weak coupling will clearly be a challenge.57, 177 However, improving 
our understanding of CID could enable the development of efficient plasmon-enhanced molecular 
photocatalysis reactions. 
The above discussion highlights the connection between the spectroscopy and dynamics of 
metal nanoparticles, and their applications in plasmon induced photocatalysis and solar energy 
(a) (b) 
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conversion.  Considerations of the rates of interfacial charge transfer reactions and the relaxation 
times for electrons in metal nanoparticles implies that efficient photocatalysis in molecular systems 
is most likely to occur through direct excitation of interfacial charge transfer transitions.  These 
transitions can be studied by observing how the LSPR linewidth depends on the presence of surface 
bound molecules,138-139 and we believe that it will be interesting to connect linewidth 
measurements with measurements of plasmon induced photocatalysis.  For electron transfer to 
semiconductors the sequential mechanism is also feasible.  In this case linewidth measurements 
may also be able to tease out the relative contributions from the direct and sequential charge 
transfer processes.  On the theory side, more work is needed to develop a wavefunction level 
description of the interfacial charge transfer states.57, 177  This is a difficult task for several reasons: 
first metal nanoparticles are very large systems with many degrees of freedom.  Second, such a 
theory should be able to span the weak coupling to strong coupling regimes, and should be able to 
generate rate constant information.  Third, although researchers achieved a decent understanding 
of the theory on the generation of hot electrons in confined nanocrystals, direct experimental 
measurements of the spectral distributions for the classical Drude-like electrons and for the 
quantum intra-band hot carriers are still needed. Such measurements would also reveal the full 
potential of usage of plasmonics for photo-chemistry and photo-currents. The unsolved 
fundamental scientific questions, and the connections to photocatalysis and solar energy 
conversion, make this an attractive area to work for spectroscopists, theoreticians, and scientists 
and engineers interested in developing plasmon-enhanced devices. 
 
  
 24
Acknowledgements: G.H. and P. J. acknowledge the support of the National Science Foundation 
(CHE-1502848) and the Office of Naval Research (Award No.: N00014-12-1-1030). A.O.G. and 
L.V.B. acknowledge support by Volkswagen Foundation (Germany) and by the Army Office of 
Research (MURI Grant W911NF-12-1-0407).  
 
Supporting Information: The Supporting Information for this paper includes useful equations 
and parameters for calculating the hot-electron energy efficiencies for Ag and Au. 
  
 25
References: 
 
1. Moskovits, M., Surface-enhanced Raman spectroscopy: a brief retrospective. J. Raman 
Spectros. 2005, 36, 485-496. 
2. Willets, K. A.; Van Duyne, R. P., Localized surface plasmon resonance spectroscopy and 
sensing. Ann. Rev. Phys. Chem. 2007, 58, 267-297. 
3. Anker, J. N.; Hall, W. P.; Lyandres, O.; Shah, N. C.; Zhao, J.; Van Duyne, R. P., Biosensing 
with plasmonic nanosensors. Nature Materials 2008, 7, 442-453. 
4. Kneipp, J.; Kneipp, H.; Kneipp, K., SERS - a single-molecule and nanoscale tool for 
bioanalytics. Chem. Soc. Rev. 2008, 37, 1052-1060. 
5. Qian, X. M.; Nie, S. M., Single-molecule and single-nanoparticle SERS: from fundamental 
mechanisms to biomedical applications. Chem. Soc. Rev. 2008, 37, 912-920. 
6. Sharma, B.; Frontiera, R. R.; Henry, A.-I.; Ringe, E.; Van Duyne, R. P., SERS: Materials, 
applications, and the future. Materials Today 2012, 15, 16-25. 
7. Le, F.; Brandl, D. W.; Urzhumov, Y. A.; Wang, H.; Kundu, J.; Halas, N. J.; Aizpurua, J.; 
Nordlander, P., Metallic nanoparticle arrays: A common substrate for both surface-
enhanced Raman scattering and surface-enhanced infrared absorption. ACS Nano 2008, 2, 
707-718. 
8. Lal, S.; Grady, N. K.; Kundu, J.; Levin, C. S.; Lassiter, J. B.; Halas, N. J., Tailoring 
plasmonic substrates for surface enhanced spectroscopies. Chem. Soc. Rev. 2008, 37, 898-
911. 
9. Atwater, H. A.; Polman, A., Plasmonics for improved photovoltaic devices. Nature 
Materials 2010, 9, 205-213. 
10. Callahan, D. M.; Munday, J. N.; Atwater, H. A., Solar cell light trapping beyond the ray 
optic limit. Nano Letters 2012, 12, 214-218. 
11. Carretero-Palacios, S.; Jimenez-Solano, A.; Miguez, H., Plasmonic nanoparticles as light-
harvesting enhancers in perovskite solar cells: A user's guide. ACS Energy Letters 2016, 1, 
323-331. 
12. Jensen, T.; Kelly, L.; Lazarides, A.; Schatz, G. C., Electrodynamics of noble metal 
nanoparticles and nanoparticle clusters. J. Cluster Sci. 1999, 10, 295-317. 
13. Kelly, K. L.; Coronado, E.; Zhao, L. L.; Schatz, G. C., The optical properties of metal 
nanoparticles: The influence of size, shape, and dielectric environment. J. Phys. Chem. B 
2003, 107, 668-677. 
14. Maier, S. A., Plasmonics: Fundamentals and Applications; Springer Science+Business 
Media LLC: New York, 2007. 
15. Pelton, M.; Bryant, G., Introduction to metal-nanoparticle plasmonics; John Wiley & 
Sons, Inc: Hoboken, New Jersey, 2013. 
16. Berini, P., Plasmon polariton modes guided by a metal film of finite width. Opt. Lett. 1999, 
24, 1011-1013. 
17. Barnes, W. L.; Dereux, A.; Ebbesen, T. W., Surface plasmon subwavelength optics. Nature 
2003, 424, 824-830. 
18. Johns, P.; Beane, G.; Yu, K.; Hartland, G. V., Dynamics of surface plasmon polaritons in 
metal nanowires. J. Phys. Chem. C 2017, 121, 5445–5459. 
19. Jensen, T. R.; Malinsky, M. D.; Haynes, C. L.; Van Duyne, R. P., Nanosphere lithography: 
Tunable localized surface plasmon resonance spectra of silver nanoparticles. J. Phys. 
Chem. B 2000, 104, 10549-10556. 
 26
20. Murphy, C. J.; San, T. K.; Gole, A. M.; Orendorff, C. J.; Gao, J. X.; Gou, L.; Hunyadi, S. 
E.; Li, T., Anisotropic metal nanoparticles: Synthesis, assembly, and optical applications. 
J. Phys. Chem. B 2005, 109, 13857-13870. 
21. Hu, M.; Chen, J. Y.; Li, Z. Y.; Au, L.; Hartland, G. V.; Li, X. D.; Marquez, M.; Xia, Y. N., 
Gold nanostructures: engineering their plasmonic properties for biomedical applications. 
Chem. Soc. Rev. 2006, 35, 1084-1094. 
22. Wiley, B. J.; Im, S. H.; Li, Z. Y.; McLellan, J.; Siekkinen, A.; Xia, Y. N., Maneuvering the 
surface plasmon resonance of silver nanostructures through shape-controlled synthesis. J. 
Phys. Chem. B 2006, 110, 15666-15675. 
23. Larsson, E. M.; Alegret, J.; Kall, M.; Sutherland, D. S., Sensing characteristics of NIR 
localized surface plasmon resonances in gold nanorings for application as ultrasensitive 
biosensors. Nano Letters 2007, 7, 1256-1263. 
24. Olson, J.; Manjavacas, A.; Liu, L. F.; Chang, W. S.; Foerster, B.; King, N. S.; Knight, M. 
W.; Nordlander, P.; Halas, N. J.; Link, S., Vivid, full-color aluminum plasmonic pixels. 
Proc. Nat. Acad. Sci. US 2014, 111, 14348-14353. 
25. Knight, M. W.; King, N. S.; Liu, L. F.; Everitt, H. O.; Nordlander, P.; Halas, N. J., 
Aluminum for plasmonics. ACS Nano 2014, 8, 834-840. 
26. Sonnichsen, C.; Franzl, T.; Wilk, T.; von Plessen, G.; Feldmann, J., Plasmon resonances 
in large noble-metal clusters. New J. Phys. 2002, 4, 93.1-93.8. 
27. Sonnichsen, C.; Franzl, T.; Wilk, T.; von Plessen, G.; Feldmann, J.; Wilson, O.; Mulvaney, 
P., Drastic reduction of plasmon damping in gold nanorods. Phys. Rev. Lett. 2002, 88, 
077402. 
28. Sherry, L. J.; Chang, S. H.; Schatz, G. C.; Van Duyne, R. P.; Wiley, B. J.; Xia, Y. N., 
Localized surface plasmon resonance spectroscopy of single silver nanocubes. Nano 
Letters 2005, 5, 2034-2038. 
29. Schultz, S.; Smith, D. R.; Mock, J. J.; Schultz, D. A., Single-target molecule detection with 
nonbleaching multicolor optical immunolabels. Proc. Nat. Acad. Sci. US 2000, 97, 996-
1001. 
30. Caldarola, M.; Albella, P.; Cortes, E.; Rahmani, M.; Roschuk, T.; Grinblat, G.; Oulton, R. 
F.; Bragas, A. V.; Maier, S. A., Non-plasmonic nanoantennas for surface enhanced 
spectroscopies with ultra-low heat conversion. Nature Communications 2015, 6, 8. 
31. Huang, X. H.; El-Sayed, I. H.; Qian, W.; El-Sayed, M. A., Cancer cell imaging and 
photothermal therapy in the near-infrared region by using gold nanorods. J. Am. Chem. 
Soc. 2006, 128, 2115-2120. 
32. Skrabalak, S. E.; Chen, J.; Au, L.; Lu, X.; Li, X.; Xia, Y. N., Gold nanocages for biomedical 
applications. Adv. Mater. 2007, 19, 3177-3184. 
33. Lal, S.; Clare, S. E.; Halas, N. J., Nanoshell-enabled photothermal cancer therapy: 
Impending clinical impact. Acc. Chem. Res. 2008, 41, 1842-1851. 
34. Schwartzberg, A. M.; Zhang, J. Z., Novel optical properties and emerging applications of 
metal nanostructures. J. Phys. Chem. C 2008, 112, 10323-10337. 
35. Linic, S.; Christopher, P.; Ingram, D. B., Plasmonic-metal nanostructures for efficient 
conversion of solar to chemical energy. Nature Materials 2011, 10, 911-921. 
36. Clavero, C., Plasmon-induced hot-electron generation at nanoparticle/metal-oxide 
interfaces for photovoltaic and photocatalytic devices. Nature Photonics 2014, 8, 95-103. 
37. Brongersma, M. L.; Halas, N. J.; Nordlander, P., Plasmon-induced hot carrier science and 
technology. Nature Nano. 2015, 10, 25-34. 
 27
38. Moskovits, M., The case for plasmon-derived hot carrier devices. Nature Nanotechnology 
2015, 10, 6-8. 
39. Linic, S.; Aslam, U.; Boerigter, C.; Morabito, M., Photochemical transformations on 
plasmonic metal nanoparticles. Nature Materials 2015, 14, 567-576. 
40. Narang, P.; Sundararaman, R.; Atwater, H. A., Plasmonic hot carrier dynamics in solid-
state and chemical systems for energy conversion. Nanophotonics 2016, 5, 96-111. 
41. Tian, Y.; Tatsuma, T., Mechanisms and applications of plasmon-induced charge separation 
at TiO2 films loaded with gold nanoparticles. J. Am. Chem. Soc. 2005, 127, 7632-7637. 
42. Furube, A.; Du, L.; Hara, K.; Katoh, R.; Tachiya, M., Ultrafast plasmon-induced electron 
transfer from gold nanodots into TiO2 nanoparticles. J. Am. Chem. Soc. 2007, 129, 14852-
14853. 
43. Lee, J.; Mubeen, S.; Ji, X. L.; Stucky, G. D.; Moskovits, M., Plasmonic photoanodes for 
solar water splitting with visible light. Nano Letters 2012, 12, 5014-5019. 
44. Ingram, D. B.; Linic, S., Water splitting on composite plasmonic-metal/semiconductor 
photoelectrodes: Evidence for selective plasmon-induced formation of charge carriers near 
the semiconductor surface. J. Am. Chem. Soc. 2011, 133, 5202-5205. 
45. Christopher, P.; Xin, H. L.; Linic, S., Visible-light-enhanced catalytic oxidation reactions 
on plasmonic silver nanostructures. Nature Chemistry 2011, 3, 467-472. 
46. Christopher, P.; Xin, H. L.; Marimuthu, A.; Linic, S., Singular characteristics and unique 
chemical bond activation mechanisms of photocatalytic reactions on plasmonic 
nanostructures. Nature Materials 2012, 11, 1044-1050. 
47. Kale, M. J.; Avanesian, T.; Christopher, P., Direct photocatalysis by plasmonic 
nanostructures. ACS Catal. 2014, 4, 116-128. 
48. Kale, M. J.; Avanesian, T.; Xin, H. L.; Yan, J.; Christopher, P., Controlling catalytic 
selectivity on metal nanoparticles by direct photoexcitation of adsorbate-metal bonds. 
Nano Letters 2014, 14, 5405-5412. 
49. Wen, M.; Mori, K.; Kuwahara, Y.; Yamashita, H., Plasmonic au@pd nanoparticles 
supported on a basic metal-organic framework: Synergic boosting of H2 production from 
formic acid. ACS Energy Letters 2017, 2, 1-7. 
50. Mukherjee, S.; Libisch, F.; Large, N.; Neumann, O.; Brown, L. V.; Cheng, J.; Lassiter, J. 
B.; Carter, E. A.; Nordlander, P.; Halas, N. J., Hot electrons do the impossible: Plasmon-
induced dissociation of H2 on Au. Nano Letters 2013, 13, 240-247. 
51. Mukherjee, S.; Zhou, L. A.; Goodman, A. M.; Large, N.; Ayala-Orozco, C.; Zhang, Y.; 
Nordlander, P.; Halas, N. J., Hot-electron-induced dissociation of H2 on gold nanoparticles 
supported on SiO2. J. Am. Chem. Soc. 2014, 136, 64-67. 
52. Zhou, L.; Zhang, C.; McClain, M. J.; Manavacas, A.; Krauter, C. M.; Tian, S.; Berg, F.; 
Everitt, H. O.; Carter, E. A.; Nordlander, P., et al., Aluminum nanocrystals as a plasmonic 
photocatalyst for hydrogen dissociation. Nano Letters 2016, 16, 1478-1484. 
53. Wu, B. H.; Lee, J.; Mubeen, S.; Jun, Y. S.; Stucky, G. D.; Moskovits, M., Plasmon-
mediated photocatalytic decomposition of formic acid on palladium nanostructures. Adv. 
Opt. Mater. 2016, 4, 1041-1046. 
54. Mubeen, S.; Lee, J.; Singh, N.; Kramer, S.; Stucky, G. D.; Moskovits, M., An autonomous 
photosynthetic device in which all charge carriers derive from surface plasmons. Nature 
Nanotechnology 2013, 8, 247-251. 
55. Mubeen, S.; Lee, J.; Liu, D. Y.; Stucky, G. D.; Moskovits, M., Panchromatic 
photoproduction of H2 with surface plasmons. Nano Letters 2015, 15, 2132-2136. 
 28
56. Hartland, G. V., Optical studies of dynamics in noble metal nanostructures. Chem. Rev. 
2011, 111, 3858-3887. 
57. Govorov, A. O.; Zhang, H.; Gun'ko, Y. K., Theory of photoinjection of hot plasmonic 
carriers from metal nanostructures into semiconductors and surface molecules. J. Phys. 
Chem. C 2013, 117, 16616-16631. 
58. Govorov, A. O.; Zhang, H.; Demir, H. V.; Gun'ko, Y. K., Photogeneration of hot plasmonic 
electrons with metal nanocrystals: Quantum description and potential applications. Nano 
Today 2014, 9, 85-101. 
59. Zhang, H.; Govorov, A. O., Optical generation of hot plasmonic carriers in metal 
nanocrystals: The effects of shape and field enhancement. J. Phys. Chem. C 2014, 118, 
7606-7614. 
60. Sundararaman, R.; Narang, P.; Jermyn, A. S.; Goddard, W. A.; Atwater, H. A., Theoretical 
predictions for hot-carrier generation from surface plasmon decay. Nature 
Communications 2014, 5, 5788. 
61. Govorov, A. O.; Zhang, H., Kinetic density functional theory for plasmonic nanostructures: 
Breaking of the plasmon peak in the quantum regime and generation of hot electrons. J. 
Phys. Chem. C 2015, 119, 6181-6194. 
62. Brown, A. M.; Sundararaman, R.; Narang, P.; Goddard, W. A.; Atwater, H. A., 
Nonradiative plasmon decay and hot carrier dynamics: Effects of phonons, surfaces, and 
geometry. ACS Nano 2016, 10, 957-966. 
63. Novo, C.; Gomez, D.; Perez-Juste, J.; Zhang, Z.; Petrova, H.; Reismann, M.; Mulvaney, 
P.; Hartland, G. V., Contributions from radiation damping and surface scattering to the 
linewidth of the longitudinal plasmon band of gold nanorods: a single particle study. Phys. 
Chem. Chem. Phys. 2006, 8, 3540-3546. 
64. Hu, M.; Novo, C.; Funston, A.; Wang, H. N.; Staleva, H.; Zou, S. L.; Mulvaney, P.; Xia, 
Y. N.; Hartland, G. V., Dark-field microscopy studies of single metal nanoparticles: 
understanding the factors that influence the linewidth of the localized surface plasmon 
resonance. J. Mater. Chem. 2008, 18, 1949-1960. 
65. Arbouet, A.; Christofilos, D.; Del Fatti, N.; Vallee, F.; Huntzinger, J. R.; Arnaud, L.; 
Billaud, P.; Broyer, M., Direct measurement of the single-metal-cluster optical absorption. 
Phys. Rev. Lett. 2004, 93, 127401. 
66. Berciaud, S.; Cognet, L.; Tamarat, P.; Lounis, B., Observation of intrinsic size effects in 
the optical response of individual gold nanoparticles. Nano Letters 2005, 5, 515-518. 
67. Crut, A.; Maioli, P.; Del Fatti, N.; Vallee, F., Optical absorption and scattering 
spectroscopies of single nano-objects. Chem. Soc. Rev. 2014, 43, 3921-3956. 
68. Yorulmaz, M.; Nizzero, S.; Hoggard, A.; Wang, L. Y.; Cai, Y. Y.; Su, M. N.; Chang, W. 
S.; Link, S., Single-particle absorption spectroscopy by photothermal contrast. Nano 
Letters 2015, 15, 3041-3047. 
69. Olson, J.; Dominguez-Medina, S.; Hoggard, A.; Wang, L. Y.; Chang, W. S.; Link, S., 
Optical characterization of single plasmonic nanoparticles. Chem. Soc. Rev. 2015, 44, 40-
57. 
70. Besteiro, L. V.; Govorov, A. O., Amplified generation of hot electrons and quantum 
surface effects in nanoparticle dimers with plasmonic hot spots. J. Phys. Chem. C 2016, 
120, 19329-19339. 
71. Li, X.; Xiao, D.; Zhang, Z., Landau damping of quantum plasmons in metal nanostructures. 
New J. Phys. 2013, 15, 023011. 
 29
72. Kreibig, U.; Vollmer, M., Optical properties of metal clusters; Springer-Verlag: Berlin, 
1995; Vol. 25. 
73. Kraus, W. A.; Schatz, G. C., Plasmon resonance broadening in small metal particles. J. 
Chem. Phys. 1983, 79, 6130-6139. 
74. Lerme, J.; Baida, H.; Bonnet, C.; Broyer, M.; Cottancin, E.; Crut, A.; Maioli, P.; Del Fatti, 
N.; Vallee, F.; Pellarin, M., Size Dependence of the Surface Plasmon Resonance Damping 
in Metal Nanospheres. J. Phys. Chem. Letters 2010, 1, 2922-2928. 
75. Johnson, P. B.; Christy, R. W., Optical constants of the noble metals. Phys. Rev. B 1972, 
6, 4370-4379. 
76. Voisin, C.; Del Fatti, N.; Christofilos, D.; Vallee, F., Ultrafast electron dynamics and 
optical nonlinearities in metal nanoparticles. J. Phys. Chem. B 2001, 105, 2264-2280. 
77. Schmuttenmaer, C. A.; Aeschlimann, M.; Elsayedali, H. E.; Miller, R. J. D.; Mantell, D. 
A.; Cao, J.; Gao, Y., Time-resolved 2-photon photoemission from Cu(100) - energy-
dependence of electron relaxation. Phys. Rev. B 1994, 50, 8957-8960. 
78. Aeschlimann, M.; Bauer, M.; Pawlik, S., Competing nonradiative channels for hot electron 
induced surface photochemistry. Chem. Phys. 1996, 205, 127-141. 
79. Hertel, T.; Knoesel, E.; Wolf, M.; Ertl, G., Ultrafast electron dynamics at Cu(111): 
Response of an electron gas to optical excitation. Phys. Rev. Lett. 1996, 76, 535-538. 
80. Ogawa, S.; Petek, H., Femtosecond dynamics of hot-electron relaxation in Cu(110) and 
Cu(100). Surf. Sci. 1996, 357, 585-594. 
81. Wolf, M., Femtosecond dynamics of electronic excitations at metal surfaces. Surf. Sci. 
1997, 377, 343-349. 
82. Voisin, C.; Christofilos, D.; Del Fatti, N.; Vallee, F.; Prevel, B.; Cottancin, E.; Lerme, J.; 
Pellarin, M.; Broyer, M., Size-dependent electron-electron interactions in metal 
nanoparticles. Phys. Rev. Lett. 2000, 85, 2200-2203. 
83. Del Fatti, N.; Vallee, F.; Flytzanis, C.; Hamanaka, Y.; Nakamura, A., Electron dynamics 
and surface plasmon resonance nonlinearities in metal nanoparticles. Chem. Phys. 2000, 
251, 215-226. 
84. Manjavacas, A.; Liu, J. G.; Kulkarni, V.; Nordlander, P., Plasmon-induced hot carriers in 
metallic nanoparticles. ACS Nano 2014, 8, 7630-7638. 
85. Bernardi, M.; Mustafa, J.; Neaton, J. B.; Louie, S. G., Theory and computation of hot 
carriers generated by surface plasmon polaritons in noble metals. Nature Communications 
2015, 6, 7044. 
86. Ma, J.; Wang, Z.; Wang, L. W., Interplay between plasmon and single-particle excitations 
in a metal nanocluster. Nature Communications 2015, 6, 10107. 
87. Saavedra, J. R. M.; Asenjo-Garcia, A.; de Abajo, F. J. G., Hot-electron dynamics and 
thermalization in small metallic nanoparticles. ACS Photonics 2016, 3, 1637-1646. 
88. White, T. P.; Catchpole, K. R., Plasmon-enhanced internal photoemission for 
photovoltaics: Theoretical efficiency limits. Appl. Phys. Lett. 2012, 101, 4746425. 
89. Zhukovsky, S. V.; Babicheva, V. E.; Uskov, A. V.; Protsenko, I. E.; Lavrinenko, A. V., 
Enhanced electron photoemission by collective lattice resonances in plasmonic 
nanoparticle-array photodetectors and solar cells. Plasmonics 2014, 9, 283-289. 
90. Zhang, Y.; Yam, C. Y.; Schatz, G. C., Fundamental limitations to plasmonic hot-carrier 
solar cells. J. Phys. Chem. Lett. 2016, 7, 1852-1858. 
91. Platzman, P. M.; Wolff, P. A., Waves and interactions in solid state plasmas; Academic 
Press: New York, 1973. 
 30
92. Pitaevskii, L. P.; Lifshitz, E. M., Physical Kinetics: Volume 10 (Course of Theoretical 
Physics); Butterworth-Heinemann: Oxford, United Kingdom, 1981. 
93. Kong, X.-T.; Wang, Z.; Govorov, A. O., Plasmonic nanostars with hot spots for efficient 
generation of hot electrons under solar illumination. Adv. Opt. Mater. 2016, 00594. 
94. Lerme, J., Size evolution of the surface plasmon resonance damping in silver nanoparticles: 
Confinement and dielectric effects. J. Phys. Chem. C 2011, 115, 14098-14110. 
95. Baida, H.; Billaud, P.; Marhaba, S.; Christofilos, D.; Cottancin, E.; Crut, A.; Lerme, J.; 
Maioli, P.; Pellarin, M.; Broyer, M., et al., Quantitative determination of the size 
dependence of surface plasmon resonance damping in single Ag@SiO2 nanoparticles. 
Nano Letters 2009, 9, 3463-3469. 
96. Wu, K.; Chen, J.; McBride, J. R.; Lian, T., Efficient hot-electron transfer by a plasmon-
induced interfacial charge-transfer transition. Science 2015, 349, 632-635. 
97. Cushing, S. K.; Li, J. T.; Meng, F. K.; Senty, T. R.; Suri, S.; Zhi, M. J.; Li, M.; Bristow, A. 
D.; Wu, N. Q., Photocatalytic activity enhanced by plasmonic resonant energy transfer 
from metal to semiconductor. J. Am. Chem. Soc. 2012, 134, 15033-15041. 
98. Harutyunyan, H.; Martinson, A. B. F.; Rosenmann, D.; Khorashad, L. K.; Besteiro, L. V.; 
Govorov, A. O.; Wiederrecht, G. P., Anomalous ultrafast dynamics of hot plasmonic 
electrons in nanostructures with hot spots. Nature Nanotechnology 2015, 10, 770-774. 
99. Robatjazi, H.; Bahauddin, S. M.; Doiron, C.; Thomann, I., Direct plasmon-driven 
photoelectrocatalysis. Nano Letters 2015, 15, 6155-6161. 
100. Li, W.; Coppens, Z. J.; Besteiro, L. V.; Wang, W. Y.; Govorov, A. O.; Valentine, J., 
Circularly polarized light detection with hot electrons in chiral plasmonic metamaterials. 
Nature Communications 2015, 6, 8379. 
101. Sousa-Castillo, A.; Comesana-Hermo, M.; Rodriguez-Gonzalez, B.; Perez-Lorenzo, M.; 
Wang, Z. M.; Kong, X. T.; Govorov, A. O.; Correa-Duarte, M. A., Boosting hot electron-
driven photocatalysis through anisotropic plasmonic nanoparticles with hot spots in Au-
TiO2 nanoarchitectures. J. Phys. Chem. C 2016, 120, 11690-11699. 
102. Brennan, L. J.; Purcell-Milton, F.; Salmeron, A. S.; Zhang, H.; Govorov, A. O.; Fedorov, 
A. V.; Gun’ko, Y. K., Hot plasmonic electrons for generation of enhanced photocurrent in 
gold-TiO2 nanocomposites. Nanoscale Research Letters 2015, 10, 38. 
103. Naldoni, A.; Guler, U.; Wang, Z.; Marelli, M.; Malara, F.; Meng, X.; Besteiro, L. V.; 
Govorov, A. O.; Kildishev, A. V.; Boltasseva, A., et al., Broadband hot electron collection 
for solar water splitting with plasmonic titanium nitride. Adv. Opt. Mater. 2017, 1601031. 
104. Naldoni, A.; Riboni, F.; Guler, U.; Boltasseva, A.; Shalaev Vladimir, M.; Kildishev 
Alexander, V., Solar-powered plasmon-enhanced heterogeneous catalysis. In 
Nanophotonics, 2016; Vol. 5, pp 112-133. 
105. Arbouet, A.; Voisin, C.; Christofilos, D.; Langot, P.; Del Fatti, N.; Vallee, F.; Lerme, J.; 
Celep, G.; Cottancin, E.; Gaudry, M., et al., Electron-phonon scattering in metal clusters. 
Phys. Rev. Lett. 2003, 90, 177401. 
106. Du, L. C.; Furube, A.; Yamamoto, K.; Hara, K.; Katoh, R.; Tachiya, M., Plasmon-Induced 
Charge Separation and Recombination Dynamics in Gold-TiO2 Nanoparticle Systems: 
Dependence on TiO2 Particle Size. J. Phys. Chem. C 2009, 113, 6454-6462. 
107. Lindstrom, C. D.; Zhu, X. Y., Photoinduced electron transfer at molecule-metal interfaces. 
Chem. Rev. 2006, 106, 4281-4300. 
 31
108. Asbury, J. B.; Hao, E.; Wang, Y. Q.; Ghosh, H. N.; Lian, T. Q., Ultrafast electron transfer 
dynamics from molecular adsorbates to semiconductor nanocrystalline thin films. J. Phys. 
Chem. B 2001, 105, 4545-4557. 
109. Miller, R. J. D.; McLendon, G. L.; Nozik, A. J.; Schmickler, W.; Willig, F., Surface 
Electron Transfer Processes; VCH: New York, 1995. 
110. Anderson, N. A.; Lian, T. Q., Ultrafast electron transfer at the molecule-semiconductor 
nanoparticle interface. Ann. Rev. Phys. Chem. 2005, 56, 491-519. 
111. Bisquert, J.; Zaban, A.; Greenshtein, M.; Mora-Sero, I., Determination of rate constants for 
charge transfer and the distribution of semiconductor and electrolyte electronic energy 
levels in dye-sensitized solar cells by open-circuit photovoltage decay method. J. Am. 
Chem. Soc. 2004, 126, 13550-13559. 
112. Kuciauskas, D.; Freund, M. S.; Gray, H. B.; Winkler, J. R.; Lewis, N. S., Electron transfer 
dynamics in nanocrystalline titanium dioxide solar cells sensitized with ruthenium or 
osmium polypyridyl complexes. J. Phys. Chem. B 2001, 105, 392-403. 
113. Martini, I.; Hodak, J.; Hartland, G., Effect of water on the electron transfer dynamics of 9-
anthracenecarboxylic acid bound to TiO2 nanoparticles: Demonstration of the marcus 
inverted region. J. Phys. Chem. B 1998, 102, 607-614. 
114. Listorti, A.; O'Regan, B.; Durrant, J. R., Electron transfer dynamics in dye-sensitized solar 
cells. Chem. Mater. 2011, 23, 3381-3399. 
115. Boerigter, C.; Campana, R.; Morabito, M.; Linic, S., Evidence and implications of direct 
charge excitation as the dominant mechanism in plasmon-mediated photocatalysis. Nature 
Comm. 2016, 7, 10545. 
116. Zhou, X. L.; Zhu, X. Y.; White, J. M., Photochemistry at adsorbate metal interfaces. Surf. 
Sci. Rep. 1991, 13, 73-220. 
117. Cavanagh, R. R.; King, D. S.; Stephenson, J. C.; Heinz, T. F., Dynamics of nonthermal 
reactions - femtosecond surface-chemistry. J. Phys. Chem. 1993, 97, 786-798. 
118. Brandbyge, M.; Hedegard, P.; Heinz, T. F.; Misewich, J. A.; Newns, D. M., Electronically 
driven adsorbate excitation mechanism in femtosecond-pulse laser-desorption. Phys. Rev. 
B 1995, 52, 6042-6056. 
119. Gadzuk, J. W., Resonance-assisted, hot-electron-induced desorption. Surf. Sci. 1995, 342, 
345-358. 
120. Tully, J. C., Chemical dynamics at metal surfaces. Ann. Rev. Phys. Chem. 2000, 51, 153-
178. 
121. Bonn, M.; Funk, S.; Hess, C.; Denzler, D. N.; Stampfl, C.; Scheffler, M.; Wolf, M.; Ertl, 
G., Phonon- versus electron-mediated desorption and oxidation of CO on Ru(0001). 
Science 1999, 285, 1042-1045. 
122. Denzler, D. N.; Frischkorn, C.; Hess, C.; Wolf, M.; Ertl, G., Electronic excitation and 
dynamic promotion of a surface reaction. Phys. Rev. Lett. 2003, 91, 226102. 
123. Boerigter, C.; Aslam, U.; Linic, S., Mechanism of charge transfer from plasmonic 
nanostructures to chemically attached materials. ACS Nano 2016, 10, 6108-6115. 
124. Brandt, N. C.; Keller, E. L.; Frontiera, R. R., Ultrafast surface-enhanced raman probing of 
the role of hot electrons in plasmon-driven chemistry. J. Phys. Chem. Lett. 2016, 7, 3179-
3185. 
125. Genzel, L.; Martin, T. P.; Kreibig, U., Dielectric function and plasma resonances of small 
metal particles. Zeit. Physik B-Cond. Matter 1975, 21, 339-346. 
 32
126. Charle, K. P.; Frank, F.; Schulze, W., The optical-properties of silver microcrystallites in 
dependence on size and the influence of the matrix environment. Ber. Bunsen-Gesell.-Phys. 
Chem. Chem. Phys. 1984, 88, 350-354. 
127. Kreibig, U.; Genzel, L., Optical-absorption of small metallic particles. Surf. Sci. 1985, 156, 
678-700. 
128. Charle, K. P.; Schulze, W.; Winter, B., The size dependent shift of the surface-plasmon 
absorption-band of small spherical metal particles. Zeit. Physik D-Atoms Molec. Clust. 
1989, 12, 471-475. 
129. Hovel, H.; Fritz, S.; Hilger, A.; Kreibig, U.; Vollmer, M., Width of cluster plasmon 
resonances - bulk dielectric functions and chemical interface damping. Phys. Rev. B 1993, 
48, 18178-18188. 
130. Persson, B. N. J., Polarizability of small spherical metal particles - influence of the matrix 
environment. Surf. Sci. 1993, 281, 153-162. 
131. Lombardi, A.; Loumaigne, M.; Crut, A.; Maioli, P.; Del Fatti, N.; Vallee, F.; Spuch-Calvar, 
M.; Burgin, J.; Majimel, J.; Treguer-Delapierre, M., Surface plasmon resonance properties 
of single elongated nanoobjects: Gold nanobipyramids and nanorods. Langmuir 2012, 28, 
9027-9033. 
132. Baida, H.; Christofilos, D.; Maioli, P.; Crut, A.; Del Fatti, N.; Vallee, F., Surface plasmon 
resonance spectroscopy of single surfactant-stabilized gold nanoparticles. Euro. Phys. J. D 
2011, 63, 293-299. 
133. Li, Z. M.; Mao, W. Z.; Devadas, M. S.; Hartland, G. V., Absorption spectroscopy of single 
optically trapped gold nanorods. Nano Letters 2015, 15, 7731-7735. 
134. Juve, V.; Fernanda Cardinal, M.; Lombardi, A.; Crut, A.; Maioli, P.; Perez-Juste, J.; Liz-
Marzan, L. M.; Del Fatti, N.; Vallee, F., Size-dependent surface plasmon resonance 
broadening in nonspherical nanoparticles: Single gold nanorods. Nano Letters 2013, 13, 
2234-2240. 
135. Zijlstra, P.; Paulo, P. M. R.; Yu, K.; Xu, Q. H.; Orrit, M., Chemical interface damping in 
single gold nanorods and its near elimination by tip-specific functionalization. Angewandte 
Chemie-Int. Ed. 2012, 51, 8352-8355. 
136. Douglas-Gallardo, O. A.; Berdakin, M.; Sanchez, C. G., Atomistic insights into chemical 
interface damping of surface plasmon excitations in silver nanoclusters. J. Phys. Chem. C 
2016, 120, 24389-24399. 
137. Chen, X.; Moore, J. E.; Zekarias, M.; Jensen, L., Atomistic electrodynamics simulations of 
bare and ligand-coated nanoparticles in the quantum size regime. Nature Communications 
2015, 6, 8921. 
138. Hoggard, A.; Wang, L. Y.; Ma, L. L.; Fang, Y.; You, G.; Olson, J.; Liu, Z.; Chang, W. S.; 
Ajayan, P. M.; Link, S., Using the plasmon linewidth to calculate the time and efficiency 
of electron transfer between gold nanorods and graphene. ACS Nano 2013, 7, 11209-
11217. 
139. Foerster, B.; Joplin, A.; Kaefer, K.; Celiksoy, S.; Link, S.; Sönnichsen, C., Chemical 
interface damping depends on electrons reaching the surface. ACS Nano 2017, 11, 2886-
2893. 
140. Torma, P.; Barnes, W. L., Strong coupling between surface plasmon polaritons and 
emitters: a review. Rep. Prog. Phys. 2015, 78, 013901. 
141. Ebbesen, T. W., Hybrid light–matter states in a molecular and material science perspective. 
Acc. Chem. Res. 2016, 49, 2403-2412. 
 33
142. Symonds, C.; Bonnand, C.; Plenet, J. C.; Brehier, A.; Parashkov, R.; Lauret, J. S.; 
Deleporte, E.; Bellessa, J., Particularities of surface plasmon-exciton strong coupling with 
large Rabi splitting. New J. Phys. 2008, 10, 065017. 
143. Bellessa, J.; Bonnand, C.; Plenet, J. C.; Mugnier, J., Strong coupling between surface 
plasmons and excitons in an organic semiconductor. Phys. Rev. Lett. 2004, 93, 036404. 
144. Dintinger, J.; Klein, S.; Bustos, F.; Barnes, W. L.; Ebbesen, T. W., Strong coupling 
between surface plasmon-polaritons and organic molecules in subwavelength hole arrays. 
Phys. Rev. B 2005, 71, 035424. 
145. Bonnand, C.; Bellessa, J.; Plenet, J. C., Properties of surface plasmons strongly coupled to 
excitons in an organic semiconductor near a metallic surface. Phys. Rev. B 2006, 73, 
245330. 
146. Bonnand, C.; Bellessa, J.; Symonds, C.; Plenet, J. C., Polaritonic emission via surface 
plasmon cross coupling. Appl. Phys. Lett. 2006, 89, 231119. 
147. Wiederrecht, G. P.; Hall, J. E.; Bouhelier, A., Control of molecular energy redistribution 
pathways via surface plasmon gating. Phys. Rev. Lett. 2007, 98, 083001. 
148. Vasa, P.; Pomraenke, R.; Schwieger, S.; Mazur, Y. I.; Kunets, V.; Srinivasan, P.; Johnson, 
E.; Kihm, J. E.; Kim, D. S.; Runge, E., et al., Coherent exciton-surface-plasmon-polariton 
interaction in hybrid metal-semiconductor nanostructures. Phys. Rev. Lett. 2008, 101, 
116801. 
149. Hakala, T. K.; Toppari, J. J.; Kuzyk, A.; Pettersson, M.; Tikkanen, H.; Kunttu, H.; Torma, 
P., Vacuum Rabi Splitting and Strong-Coupling Dynamics for Surface-Plasmon Polaritons 
and Rhodamine 6G Molecules. Phys. Rev. Lett. 2009, 103, 053602. 
150. Salomon, A.; Genet, C.; Ebbesen, T. W., Molecule-Light Complex: Dynamics of Hybrid 
Molecule-Surface Plasmon States. Angewandte Chemie-Int. Ed. 2009, 48, 8748-8751. 
151. Gomez, D. E.; Vernon, K. C.; Mulvaney, P.; Davis, T. J., Coherent superposition of exciton 
states in quantum dots induced by surface plasmons. Appl. Phys. Lett. 2010, 96, 3313935. 
152. Gomez, D. E.; Vernon, K. C.; Mulvaney, P.; Davis, T. J., Surface plasmon mediated strong 
exciton-photon coupling in semiconductor nanocrystals. Nano Letters 2010, 10, 274-278. 
153. Vasa, P.; Pomraenke, R.; Cirmi, G.; De Re, E.; Wang, W.; Schwieger, S.; Leipold, D.; 
Runge, E.; Cerullo, G.; Lienau, C., Ultrafast manipulation of strong coupling in metal-
molecular aggregate hybrid nanostructures. ACS Nano 2010, 4, 7559-7565. 
154. Berrier, A.; Cools, R.; Arnold, C.; Offermans, P.; Crego-Calama, M.; Brongersma, S. H.; 
Gomez-Rivas, J., Active control of the strong coupling regime between porphyrin excitons 
and surface plasmon polaritons. ACS Nano 2011, 5, 6226-6232. 
155. Wiederrecht, G. P.; Wurtz, G. A.; Hranisavljevic, J., Coherent coupling of molecular 
excitons to electronic polarizations of noble metal nanoparticles. Nano Letters 2004, 4, 
2121-2125. 
156. Haes, A. J.; Zou, S. L.; Zhao, J.; Schatz, G. C.; Van Duyne, R. P., Localized surface 
plasmon resonance spectroscopy near molecular resonances. J. Am. Chem. Soc. 2006, 128, 
10905-10914. 
157. Wurtz, G. A.; Evans, P. R.; Hendren, W.; Atkinson, R.; Dickson, W.; Pollard, R. J.; Zayats, 
A. V.; Harrison, W.; Bower, C., Molecular plasmonics with tunable exciton-plasmon 
coupling strength in J-aggregate hybridized Au nanorod assemblies. Nano Letters 2007, 7, 
1297-1303. 
 34
158. Zhao, J.; Jensen, L.; Sung, J. H.; Zou, S. L.; Schatz, G. C.; Van Duyne, R. P., Interaction 
of plasmon and molecular resonances for rhodamine 6G adsorbed on silver nanoparticles. 
J. Am. Chem. Soc. 2007, 129, 7647-7656. 
159. Fofang, N. T.; Park, T. H.; Neumann, O.; Mirin, N. A.; Nordlander, P.; Halas, N. J., 
Plexcitonic nanoparticles: Plasmon-exciton coupling in nanoshell-J-aggregate complexes. 
Nano Letters 2008, 8, 3481-3487. 
160. Zheng, Y. B.; Yang, Y. W.; Jensen, L.; Fang, L.; Juluri, B. K.; Flood, A. H.; Weiss, P. S.; 
Stoddart, J. F.; Huang, T. J., Active molecular plasmonics: Controlling plasmon resonances 
with molecular switches. Nano Letters 2009, 9, 819-825. 
161. Bellessa, J.; Symonds, C.; Vynck, K.; Lemaitre, A.; Brioude, A.; Beaur, L.; Plenet, J. C.; 
Viste, P.; Felbacq, D.; Cambril, E., et al., Giant Rabi splitting between localized mixed 
plasmon-exciton states in a two-dimensional array of nanosize metallic disks in an organic 
semiconductor. Phys. Rev. B 2009, 80, 033303. 
162. Fales, A. M.; Norton, S. J.; Crawford, B. M.; DeLacy, B. G.; Vo-Dinh, T., Fano resonance 
in a gold nanosphere with a J-aggregate coating. Phys. Chem. Chem. Phys. 2015, 17, 
24931-24936. 
163. Schlather, A. E.; Large, N.; Urban, A. S.; Nordlander, P.; Halas, N. J., Near-field mediated 
plexcitonic coupling and giant rabi splitting in individual metallic dimers. Nano Letters 
2013, 13, 3281-3286. 
164. Zengin, G.; Johansson, G.; Johansson, P.; Antosiewicz, T. J.; Kall, M.; Shegai, T., 
Approaching the strong coupling limit in single plasmonic nanorods interacting with J-
aggregates. Scientific Reports 2013, 3, 3074. 
165. Zengin, G.; Wersall, M.; Nilsson, S.; Antosiewicz, T. J.; Kall, M.; Shegai, T., Realizing 
strong light-matter interactions between single-nanoparticle plasmons and molecular 
excitons at ambient conditions. Phys. Rev. Lett. 2015, 114, 157401. 
166. Chikkaraddy, R.; de Nijs, B.; Benz, F.; Barrow, S. J.; Scherman, O. A.; Rosta, E.; 
Demetriadou, A.; Fox, P.; Hess, O.; Baumberg, J. J., Single-molecule strong coupling at 
room temperature in plasmonic nanocavities. Nature 2016, 535, 127-130. 
167. Rodarte, A. L.; Tao, A. R., Plasmon-exciton coupling between metallic nanoparticles and 
dye monomers. J. Phys. Chem. C 2017, 121, 3496-3502. 
168. Melnikau, D.; Esteban, R.; Savateeva, D.; Iglesias, A. S.; Grzelczak, M.; Schmidt, M. K.; 
Liz-Marzan, L. M.; Aizpurua, J.; Rakovich, Y. P., Rabi splitting in photoluminescence 
spectra of hybrid systems of gold nanorods and J-aggregates. J. Phys. Chem. Lett. 2016, 7, 
354-362. 
169. Wersall, M.; Cuadra, J.; Antosiewicz, T. J.; Balci, S.; Shegai, T., Observation of mode 
splitting in photoluminescence of individual plasmonic nanoparticles strongly coupled to 
molecular excitons. Nano Letters 2017, 17, 551-558. 
170. Gomez, D. E.; Lo, S. S.; Davis, T. J.; Hartland, G. V., Picosecond kinetics of strongly 
coupled excitons and surface plasmon polaritons. J. Phys. Chem. B 2013, 117, 4340-4346. 
171. Fofang, N. T.; Grady, N. K.; Fan, Z. Y.; Govorov, A. O.; Halas, N. J., Plexciton dynamics: 
Exciton-plasmon coupling in a J-aggregate-Au nanoshell complex provides a mechanism 
for nonllinearity. Nano Letters 2011, 11, 1556-1560. 
172. Balci, S.; Kucukoz, B.; Balci, O.; Karatay, A.; Kocabas, C.; Yaglioglu, G., Tunable 
plexcitonic nanoparticles: A model system for studying plasmon-exciton interaction from 
the weak to the ultrastrong coupling regime. ACS Photonics 2016, 3, 2010-2016. 
 35
173. Zhang, W.; Govorov, A. O.; Bryant, G. W., Semiconductor-metal nanoparticle molecules: 
Hybrid excitons and the nonlinear Fano effect. Phys. Rev. Lett. 2006, 97, 146804. 
174. Shah, R. A.; Scherer, N. F.; Pelton, M.; Gray, S. K., Ultrafast reversal of a Fano resonance 
in a plasmon-exciton system. Phys. Rev. B 2013, 88, 075411. 
175. Artuso, R. D.; Bryant, G. W., Optical Response of Strongly Coupled Quantum Dot−Metal 
Nanoparticle Systems: Double Peaked Fano Structure and Bistability. Nano Letters 2008, 
8, 2106-2111. 
176. Hartsfield, T.; Chang, W. S.; Yang, S. C.; Ma, T.; Shi, J. W.; Sun, L. Y.; Shvets, G.; Link, 
S.; Li, X. Q., Single quantum dot controls a plasmonic cavity's scattering and anisotropy. 
Proc. Nat. Acad. Sci. US 2015, 112, 12288-12292. 
177. Manjavacas, A.; de Abajo, F. J. G.; Nordlander, P., Quantum plexcitonics: Strongly 
interacting plasmons and excitons. Nano Letters 2011, 11, 2318-2323. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 36
Supporting Information 
What’s so Hot about Electrons in Metal Nanoparticles? 
 
Gregory V. Hartland,a,‡ Lucas V. Besteiro,b Paul Johns,a and Alexander O. Govorovb,§ 
 
aDepartment of Chemistry and Biochemistry, University of Notre Dame, Notre Dame, IN 46556-5670 
bDepartment of Physics and Astronomy, Ohio University, Athens OH 45701 
 
 
Quantum efficiency of hot-electron generation. This short supporting information will provide 
some useful equations and parameters. The efficiency of hot-electron production is computed in 
the following way:  
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where the total absorption should be calculated as a sum of two terms:  
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The first term is the classical absorption in a NP:  
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metal and matrix  are the dielectric functions of the metal and the matrix, respectively. This term 
includes the Drude intra-band dissipation and the interband transitions in a bulk metal. The second 
term in Eq. S2 is of a quantum nature and it should be calculated through the known hot-electron 
distribution,  
1 ( ) ( ).
F
hot electrons F
E E
Q d E n
  
   
- - 
= × - ×
    (S4)
 
Here ( )n   is the distribution of non-equilibrium electrons in a NP under CW illumination and 
 is the energy relaxation time; ~ 0.2E eV for large sizes and this parameter denotes the 
threshold energy for hot electrons. Important details for the derivation of the above equations can 
be found in Ref. S1. The typical structure of the function ( )n   in NPs in the steady-state regime 
under continuous illumination is shown in Fig. 2 in the main text.  
 
On the structure of the dielectric constant of a typical metal and the relaxation rates. 
Regarding the structure of the local dielectric constants of noble metals, one can read the textbook 
[S2].  The dielectric constant of bulk metals, like Au and Ag, has the following structure:   
2
inter-band Drude( ) ( ) ( ), ( ) ( )
p
metal b Drude
Drudei
w
 w   w  w  w
w w
= +D +D D = -
+ G
,  (S5) 
where inter-band ( ) wD is the inter-band term, b  is the screening constant due to bound-charges in a 
metal, pw  is the bulk plasmon frequency and DrudeG  is the Drude relaxation constant. This 
important constant is responsible for the description of the friction-like dissipation in an optically-
excited metal NP where the induced dynamic electric current creates heat. In the theory used in 
this paper, we assumed that the Drude parameter is identical to the momentum relaxation rate, i.e.  
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p DrudeG = G .  
This simple conclusion follows from the kinetic consideration of the decay time of electric current 
in electron plasma [S3]. Below we give the parameters for the Drude dielectric functions, as well 
as the Fermi energies and the relaxation times for Au and Ag. [S3].  
 For the traditional model metals, Au and Ag, the detailed dielectric function (Eq. S5) is 
reduced to the classical Drude function in the wavelength interval where the inter-band transitions 
become inactive:  
2
, ,( ) .( )
p
metal Drude b Drude
Drudei
w
 w 
w w
= -
× + G
     (S6) 
This function is very convenient for a description of plasmonic effects in the IR interval.   
 
Table S1: Parameters used in the calculations of the hot electron distributions. 
Parameter Au Ag 
Γ௣ = ℏ/𝜏௣  0.078 eV 0.020 eV 
ℏ 𝜏ఌ⁄  0.0013 eV (0.5 ps) 0.0013 eV 
ℏ𝜔୮,ୈ୰୳ୢୣ  9.1 eV 9.3 eV 
Work Function  4.6 eV 4.7 eV 
Fermi Energy  5.5 eV 5.76 eV 
𝜀௕ 9.07 7.0 
 
 
 
 
Figure S1: Illustration of the single-particle relaxation processes 
involved in the Kinetic DFT model used in [S3].   
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Derivation of the hot-electron rate as a surface integral. Since this is a perspective article long 
derivations have no place in it, and we present here only a brief one to complement the main text. 
This derivation follows a recent paper [S4].  In the kinetic master-equation approach, the 
generation of high-energy electrons owing to the surfaces of NPs under CW illumination should 
be written as  
    
1 ( )
F
high energy
E E
Rate d n
  
  
- - 
= × , 
where the integral over energy is taken outside the energy region of the Drude electrons (see Figure 
S2). For large NPs, the parameter E  is given by the thermal energy, ~ 8 Bk T× , and in small ones 
it is given by the single-particle excitation energy,  ~ /F NPv a [S1,S2,S4]. We see that the 
function ( )n   is essentially flat in the interval of integration (Figure 2 in the main text and Figure 
S2 below). Then, the function ( )n  for a smooth surface with an infinite potential wall has the 
analytical form [S4, S5] for the electron and hole flat regions:  
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Eq. S7 is essentially an integral of the local hot-electron production over the whole surface of a 
NP. Therefore, the above equations immediately yield  
 
 
2 2 2
42
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Since the optical energy typically exceeds the thermal energy, i.e. Ew  , we can simplify the 
above equation (neglecting the term E ) and arrive to the final equation  
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which is the one given in the main text.  
Finally, using the integral (S4) and the energy distribution (S7), we can also obtain an 
equation for the quantum dissipation:  
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Then, we compare (S8) and (S9) to obtain one useful relation given in the main text (see the 
equation before Eq. 6):   
hot electrons high energyQ Ratew- -= × . 
 
 
 
Figure S2: Typical distribution of non-
equilibrium plasmonic elections under 
CW illumination in a NP. The blue area 
shows the interval of integration for the 
hot electrons.  
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